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The impact of iron on growth and microcystin production was studied using the cyanobacterium Microcystis
novacekii UAM 250. Four different iron concentrations, ranging from 0 to 5 mM, were used, while other nutrients
remained constant. Growth of the cyanobacterium and the production of intracellular microcystin were maximal at the
highest iron concentration. Three types of microcystins were identiﬁed: MCYST-LR, -YR, and -RR. The
concentrations of microcystins in the medium (extracellular microcystins) were lowest at the initial growth phase of
the cyanobacterium and increased subsequently as the cells began to decay, releasing their microcystin content to the
water phase.
Most cyanobacteria blooms occur in eutrophic water bodies. In most sewage treatment plants more iron is used than
is required for optimal phosphorus removal. However, iron is a particularly important micronutrient for
cyanobacteria. This research is relevant to understanding the potential effects of excess iron discharge from sewage
treatment plants on toxin production by cyanobacteria.
r 2008 Elsevier GmbH. All rights reserved.
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Toxic cyanobacterial blooms frequently occur in
eutrophic lakes, ponds and reservoirs all over the world.
The death of animals due to drinking water containing
toxic cyanobacteria has been a serious problem around
the world (Yoo et al., 1995; Murphy et al., 2000). It ise front matter r 2008 Elsevier GmbH. All rights reserved.
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ess: lihongli1225@hotmail.com (H. Li).well documented that the causative cyanobacteria,
Microcystis, Anabaena, and Planktothrix produce
hepatotoxic cyclic heptapeptides, i.e., microcystins
(Carmichael, 1992; Rinehart et al., 1994). The basic
structure of microcystins is cyclo- (D-Ala-L-X-D-MeAsp-
Z-Adda-D-Glu-Mdha), in which X and Z are variable
L-amino acids; Adda is (2S,3S,8S,9S)-3-amino-9-
methoxy-2,6,8-trimethyl-10-phenyldeca-4, 6-dienoic
acid; and Mdha is N-methyldehydroalanine (Carmichael
et al., 1988). At present, more than 65 structural
variants of microcystins have been identiﬁed (Rinehart
et al., 1994; Sivonen, 1996), which are synthesized
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sisting of different modules including non-ribosomal
peptide synthetases and polyketide synthases, as well as
several tailoring enzymes. These modules catalyse the
activation, modiﬁcation, and condensation of speciﬁc
amino acids (Mofﬁtt and Neilan, 2001; Dittmann and
Bo¨rner, 2005). Microcystin-LR substituted X to leucine
(L) and Z to arginine (R) and is one of the most toxic
microcystins with LD50 of 50 mg kg
1 in mice (Rinehart
et al., 1994). World Health Organization (1998)
proposed a provisional guideline value for microcystin-
LR of 1 mgL1, compared to the Canadian drinking
water limit of 1.5 mgL1 (Canada FPT Committee,
2002).
The amount and composition of microcystins gener-
ated by toxic cyanobacterial cells in eutrophic lakes
changes during the year (Fastner et al., 1999; Kotak
et al., 2000; Murphy et al., 2003). Phosphorus is the
primary factor for Lake eutrophication. Unnaturally
high levels of phosphorus in waters are indicative of
disturbances in the watershed. Important point and
non-point sources of phosphorus include raw and
treated sewage, detergents, urban, and agricultural
runoff. Other micronutrients such as copper or iron
may also contribute to cyanobacterial blooms. Copper
can be highly toxic at higher concentrations and has
been widely employed as an algicide in the treatment of
cyanobacterial and algal blooms (Humble et al., 1997).
Upon treatment of a bloom, microcystins are also
released into the water body. As an alternative to the
direct algicidal effects of copper, ferric sulphate is
used as a phosphate stripper in eutrophic water-
bodies to reduce cyanobacterial growth. It is also likely
that in most sewage treatment plants more iron is
used than is required for optimal phosphorus removal.
Iron is also required by all cyanobacteria for major
physiological functions such as photosynthesis, nitrogen
assimilation, respiration, and chlorophyll synthesis
(Murphy et al., 1976; Hyenstrand et al., 2000). The
factors affecting the production of microcystins by
cyanobacteria are not well known. Most studies
demonstrate that some of the same environmental
factors that affect the growth of cyanobacteria, such
as temperature (Sivonen, 1990), photosynthetically
active radiation (Wiedner et al., 2003), nitrogen con-
centrations (Orr and Jones, 1998), phosphate concen-
trations (Oh et al., 2000), and pH (Ja¨hnichen et al.,
2001), may also be important. Microcystin production
varies greatly among different strains of the same
species. Studies have shown that the ability to produce
toxins can change temporally and spatially at a
particular site (Ressom et al., 1994). Therefore, this
research is relevant in understanding the potential
effects of iron loading on excess iron discharge from
sewage treatment plants, cyanobacterial blooms, and
microcystin production.Materials and methods
Microcystis novacekii UAM 250 was provided
by Daniel Sanchis (Departamento de Biologı´a. Uni-
versidad Autonoma de Madrid, Spain). The cyano-
bacteria were grown in BG-11 medium (Rippka
et al., 1979) at a constant temperature of 23 1C
and a photosynthetically active radiation intensity
of 123 mmolm2 s1, without aeration but with
daily stirring. All chemicals used were of analytical
grade.
In a previous experiment with iron concentrations
ranging from 0 to 50 mM, the growth rates of
M. novacekii were high and showed little difference at
iron concentrations above 5 mM. Therefore, this experi-
ment focused on iron concentrations from 0 to 5 mM.
The cyanobacteria were sub-cultured in 200mL
acid-washed culture ﬂasks with sterile-ﬁltered BG-11
medium. Iron-limited conditions were obtained by
decreasing the FeCl3 concentration from 5 to 0.50 or
0.25 mM. A ﬂask without any iron addition served as the
zero control.
Each of the four groups consists of four replicates.
Samples were collected every 5 days. Growth rate was
measured every 5 days as light absorbance in a DMS 100
UV–Visible spectrophotometer at 550 nm, and samples
for microcystin analyses were collected and carried out
at the same time.
To harvest the cells, 100mL of the culture was
ﬁltered through a GF/F ﬁlter paper. The cells on the
ﬁlter were dried and weighed. Liquid nitrogen was
used to rupture the cells on the dried ﬁlter before
microcystin was extracted with 75% methanol solution.
The solvent solution was then fed through a C-18
cartridge (0.5 g). The microcystins captured on the
columns were subsequently stripped off with 75%
methanol solution. C-18 cartridges were also used to
extract the microcystins in the ﬁltrate. The captured
microcystins were stripped off the columns by 100%
methanol.
A Waters 60F HPLC system was used for the ana-
lysis of the microcystins. The HPLC mobile phase
was 58 parts methanol to 42 parts 0.05M phos-
phate buffer, adjusted to pH 3.0 with triﬂuoroacetic
acid. The HPLC system contained a WISPs auto-
injector and a KratossUV detector set at 238 nm.
The column used was 5 mm 4.6 150mm2 Xterra MS
C18 (Waters) with a Bondapak guard insert. Injec-
tion volume was 30 mL per sample. The retention
time of target compounds (MCYST-RR, MCYST-YR
and MCYST-LR) was identiﬁed by spiking standard
samples from Calbiochem. Microcystin concentrations
were determined by comparing peak areas with a
calibration curve. The identiﬁcations of microcystin
species were further conﬁrmed with ELISA kits
(Envirologix Inc.).
ARTICLE IN PRESS
H. Li et al. / Limnologica 39 (2009) 255–259 257Results and discussion
Iron is a particularly important micronutrient for
cyanobacteria because of its direct involvement in
nitrogen ﬁxation and photosynthesis. The ﬁndings of
this study indicate that iron is an important micronu-
trient for M. novacekii. Fig. 1 shows the yield of
M. novacekii at four iron concentrations over time. The
yield increased with iron concentration and was greatest
at 5 mM iron. At that concentration, the yield peaked on
day 15 and then decreased. The concentrations of total
microcystins inside the cells (intracellular microcystins)
per unit dry weight of cyanobacterial biomass peaked on
day 5, and then declined (Fig. 2). The greatest
concentration of microcystins was observed at 5 mM
iron, and was lower, and very similar, in the other three
treatments. In all treatments microcystin concentrations
per unit dry weight decreased over time from day 5.0.0
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Fig. 1. Growth of M. novacekii at four iron concentrations
(mean7S.D., n ¼ 4).
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Fig. 2. Intracellular microcystin concentrations per unit dry
weight of cells as a function of time in M. novacekii
(mean7S.D., n ¼ 4).Total microcystin concentrations expressed per unit
volume of culture medium, a more useful expression for
assessment of health risks in lakewater, were greatest at
5 mM iron on day 15. After day 15, the total microcystin
concentrations declined tremendously, and the concen-
tration level of day 20 was comparative to day 5–10. In
the other three treatments, values were much lower, and
changed little over time (Fig. 3). Concentrations of
extracellular microcystins (Fig. 4) did not change much
over the test period at the three lower iron concentra-
tions. However, at 5mM iron, there was an increase
from day 10 to day 15, and get the greatest concentra-
tion on day 15. After day 15, the extracellular
microcystin concentrations declined tremendously as
the intracellular microcystin concentrations, and the
extracellular microcystin concentration level of day 20
was still higher than the level of day 10. M. novacekii0.0
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Fig. 3. Effect of iron concentration on the production of
intracellular microcystins per unit volume of culture medium
of M. novacekii (mean7S.D., n ¼ 4).
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Fig. 4. Effect of iron concentration on the production of
extracellular microcystin byM. novacekii (mean7S.D., n ¼ 4).
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Fig. 5. Production of three types of microsystins as a function
of time at an iron concentration of 5 mM (mean7S.D., n ¼ 4).
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cystin-RR, microcystin-YR, and microcystin-LR
(Fig. 5). At the 5 mM iron concentration proportions
of the three microcystin species remained constant
during the experimental period (microcystin-RR (0.65),
YR (0.06), and LR (0.29).
In this experiment, iron concentrations below 5 mM
can limit both growth and microcystin production.
Incidentally, this iron concentration is close to that of
the aesthetic guideline for Canadian drinking water
300 mgL1 (Canada FP Committee, 1999).The ﬁndings
of this study are in line with those of Utkilen and
Gjølme (1995) and Ame´ and Wunderlin (2005). How-
ever, Lukac and Aegerter (1993) found that although
removal of iron represented a stress for M. aeruginosa,
toxin production was not negatively affected, but rather
enhanced. It is possible that the discrepancy could be
attributed to different cyanobacterial strains or effects
of undetected bacteria degrading microcystins.
The stimulation of iron on the production of
microcystin and Microcystis growth is important. The
signiﬁcance of iron loading is complicated. The bioa-
vailability of iron is controlled by organic chelators and
a measurement of total iron does not represent iron
bioavailability (Murphy et al., 1976). Any inference on
changes in algal blooms in nature from iron chelation is
difﬁcult to resolve. Extractions appear to measure
bioavailable iron, but any review of the siderophore
literature in the medical ﬁeld illustrates the complexity
of this topic. In general, the incidence of toxic
microcystis blooms has increased (Hallegraeff, 1993).
The same concern applies to toxic marine algal blooms
(Anderson et al., 1993).
Changes to ecosystems that enhance iron availability
have received little attention. The effect of iron
treatment of sewage to remove phosphorus is one
change that warrants analysis. This suggestion does
not detract from the essential utility of phosphorus
removal. If there were a secondary adverse effect, the
phosphorus treatment process could be changed. As
revealed by this study, microcystins produced byMicrocystis cells (intracellular microcystins) were
released into water (extracellular microcystins) even
before the growth peaked. In the ﬁeld, healthy bloom
populations apparently produce little extracellular
toxin. The range of measured concentrations of
dissolved cyanotoxins, in most cases except those where
a major bloom is obviously breaking down, is
0.1–10 mgL1 (Tsuji et al., 1996; Ueno et al., 1996;
Lahti et al., 1997). In comparison, concentrations of
cell-bound microcystins are several orders of magnitude
higher. In lakes or rivers, toxins released from cells are
rapidly diluted by the large mass of water, especially if
mixing of water by wind action or currents is vigorous
(Jones and Orr, 1994). However, the concentration of
toxins in water may be much higher in ageing or
declining blooms when decaying cells release their load
of toxins. This may be an important consideration for
water treatment plants because it means that the
removal of healthy cyanobacterial cells from the raw
water supply may obviate or substantially reduce the
need for additional adsorptive (activated carbon) or
oxidative (ozone or chlorine) toxin-removal processes.
Also, use of chlorine can release microcystins into
solution (Lam et al., 1995).References
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